Increasingly, evidence argues that many neurodegenerative diseases, including progressive supranuclear palsy (PSP), are caused by prions, which are alternatively folded proteins undergoing selfpropagation. In earlier studies, PSP prions were detected by infecting human embryonic kidney (HEK) cells expressing a tau fragment [TauRD(LM)] fused to yellow fluorescent protein (YFP). Here, we report on an improved bioassay using selective precipitation of tau prions from human PSP brain homogenates before infection of the HEK cells. Tau prions were measured by counting the number of cells with TauRD(LM)-YFP aggregates using confocal fluorescence microscopy. In parallel studies, we fused α-synuclein to YFP to bioassay α-synuclein prions in the brains of patients who died of multiple system atrophy (MSA). Previously, MSA prion detection required ∼120 d for transmission into transgenic mice, whereas our cultured cell assay needed only 4 d. Variation in MSA prion levels in four different brain regions from three patients provided evidence for three different MSA prion strains. Attempts to demonstrate α-synuclein prions in brain homogenates from Parkinson's disease patients were unsuccessful, identifying an important biological difference between the two synucleinopathies. Partial purification of tau and α-synuclein prions facilitated measuring the levels of these protein pathogens in human brains. Our studies should facilitate investigations of the pathogenesis of both tau and α-synuclein prion disorders as well as help decipher the basic biology of those prions that attack the CNS.
α-synuclein | multiple system atrophy | neurodegeneration | strains | Parkinson's disease J ames Parkinson first described a progressive deterioration of the nervous system in 1817 and called it "shaking palsy" (1) . Almost one century later, Friederich Heinrich Lewy described the neuropathological hallmark now known as Lewy bodies (LBs) (2) . Progress toward discerning the etiology of Parkinson's disease (PD) was achieved 85 years later when the first of several studies identified mutations in or multiplications of the gene encoding α-synuclein, SNCA, in inherited cases of PD (3) (4) (5) . These studies were corroborated by immunostaining for α-synuclein in brain sections from PD patients (6) and subsequently from dementia with Lewy bodies (DLB) cases (7, 8) , which found that LBs are surrounded by a halo of α-synuclein polymers.
Along with point mutations in SNCA (3), and duplication and triplication of the gene (4, 5) as causes of inherited PD, metaanalysis of genome-wide association studies (9) have identified common variations in SNCA as a risk factor for sporadic PD cases. Combined, these data strongly support an etiological role for α-synuclein in the pathogenesis of both the inherited and sporadic forms of PD.
In 1998, brain sections from cases classified as multiple system atrophy (MSA) were analyzed for α-synuclein. Although no LBs were found, abundant immunostaining in the cytoplasm of glial cells was identified (8, 10, 11) . A decade earlier, these large immunopositive deposits of α-synuclein were called glial cytoplasmic inclusions (GCIs) based on silver staining (12) ; they are primarily found in oligodendrocytes but have been occasionally observed in astrocytes and neurons. Limited ultrastructural studies performed on GCIs suggest that they are collections of poorly organized bundles of α-synuclein fibrils (8) .
In addition to the accumulation of α-synuclein into LBs in PD and GCIs in MSA, depigmentation of the substantia nigra pars compacta is a hallmark of both PD and the majority of MSA cases (13) . This loss of dopaminergic neurons results in diminished input to the basal ganglia that is reflected in the motor deficits exhibited by patients. In the 1990s, fetal tissue transplants into the substantia nigra of PD patients were performed in an attempt to counteract the effects of dopamine loss. Strikingly, upon autopsy of patients that survived at least 10 years posttransplant, LBs were found in the grafted fetal tissue. Because these grafts were no more than 16 years old, the findings argued for host-to-graft transmission of LBs (14, 15) . The results of these transplant studies offered evidence supporting the hypothesis that PD is a Significance Progressive supranuclear palsy (PSP) and multiple system atrophy (MSA) are neurodegenerative diseases caused by tau and α-synuclein prions, respectively. Prions, purified from human brains of deceased patients with PSP and MSA using phosphotungstic acid, were applied to cultured cell models that selectively form aggregates in the presence of tau or α-synuclein prions, respectively. Whereas brain homogenates prepared from two PSP and six MSA patients infected cultured cells, the same approach was unsuccessful with brain samples from three Parkinson's disease patients. Our findings provide compelling evidence that PSP and MSA are prion diseases, and that MSA is caused by several distinct prion strains. prion disease, characterized by a misfolded protein that selfpropagates and gives rise to progressive neurodegeneration (16, 17) . Additional support for this hypothesis came from studies on the spread of α-synuclein deposits from the substantia nigra to other regions of the CNS in PD patients (18) .
Even more convincing support for α-synuclein prions came from animal studies demonstrating the transmissibility of an experimental synucleinopathy. The first report used transgenic (Tg) mice expressing human α-synuclein containing the A53T mutation found in familial PD; the mice were designated TgM83 (19) (23) , the transmission of MSA to the same mouse line was the first demonstration of α-synuclein prions in human brain (22) . The TgM83 +/− mice, which differ from their homozygous counterparts by not developing spontaneous disease, exhibited progressive CNS dysfunction ∼120 days following intrathalamic inoculation of brain homogenates from two MSA patients. Inoculation of brain fractions enriched for LBs from PD patients into wild-type (WT) mice and macaque monkeys induced aberrant α-synuclein deposits, but neither species developed neurological disease (24) . In a similar approach, inoculation of WT mice with the insoluble protein fraction isolated from DLB patients also induced phosphorylated α-synuclein pathology after 15 months, but it failed to induce neurological disease characteristic of DLB (25) .
Because α-synuclein prions from MSA patients were transmissible to TgM83
+/− mice, we asked whether a more rapid cellbased bioassay could be developed to characterize the MSA prions. With the cell bioassay for progressive supranuclear palsy (PSP) in mind (26, 27) , we began by constructing WT and mutant α-synuclein cDNAs fused to yellow fluorescent protein (YFP) (28) (29) (30) and expressed these in human embryonic kidney (HEK) cells. By testing the cells with full-length recombinant mutant human α-syn140*A53T fibrils, we induced aggregate formation in HEK cells expressing WT and mutant human SNCA transgenes. To expand these findings beyond synthetic prions and to examine natural prions, we report here that phosphotungstic acid (PTA) (31) can be used to selectively precipitate α-synuclein from MSA patients. Screening PTA-precipitated brain homogenate with our cellular bioassay, we detected MSA prions in all six of the cases examined. By measuring the distribution of prions in the substantia nigra, basal ganglia, cerebellum, and temporal gyrus, we found evidence to suggest that at least three different strains of α-synuclein prions may give rise to MSA. We also found that after enrichment by PTA precipitation, ∼6 million α-synuclein molecules comprised an infectious unit of MSA prions in cell culture. Importantly, we transmitted neurodegenerative disease to TgM83 +/− mice using PTA-precipitated brain homogenate from an MSA patient, confirming that the aggregate isolation methods used successfully purify prions from patient samples.
Results
In Vitro Detection of Prions. A cell-based approach for detecting prions in human tauopathy samples was recently described (27) . Briefly, HEK cells expressing the repeat domain (RD) of tau with two human mutations (P301L and V337M) were created. The mutated tau fragment was fused to YFP using a short linker, resulting in low levels of fluorescence expressed throughout the cytoplasm of the cultured HEK cells. These HEK cells are hereafter referred to as TauRD(LM)-YFP cells. When the cells were incubated with tau prions, the self-propagating, misfolded proteins were able to infect the cells and induce misfolding and aggregation of the TauRD(LM)-YFP fusion protein, similar to the process that occurs in the brains of tauopathy patients. The prioninduced aggregation of mutant tau could be detected by the formation of fluorescent, cytoplasmic aggregates after 12 d. As described here, we adapted this assay to 384-well plates and reduced the time to 4 d to facilitate more rapid analysis of patient samples (Fig. S1 ).
Detection of Tau Prions in PSP. To identify tau prions from human tauopathy samples, TauRD(LM)-YFP cells were exposed to 1 μg total protein (measured by bicinchoninic acid) from crude brain homogenates (10% wt/vol in PBS), from an aged control brain sample (C2; frontal cortex), or from two PSP brain samples (middle frontal gyrus; Table S1 ). The two PSP samples gave values of 3.7 ± 0.3% and 4.3 ± 0.4% cells with aggregates, which were indistinguishable from the control sample (C2: 3.6 ± 0.3%; Fig. 1 A  and B) . Importantly, this low number of "aggregate-containing" cells in the control sample is an artifact from our aggregatedetection algorithm required to process data in a high-throughput manner; on the low end of aggregate detection, the algorithm is unable to consistently distinguish between real aggregate formation and cells with more fluorescence than others. As a result of this problem, we sought to enhance prion detection in the cell assay above the threshold required for identification of PSP prions. To determine the noise in each plate, we used a brain sample with no evidence of neurodegenerative disease prepared under the same conditions as the diseased brain samples.
In an attempt to increase the number of tau prions infecting the HEK cells, we incubated 10 μg of crude brain homogenate with the cells, but again the PSP samples remained indistinguishable from the control (Table S1 ). Next, we tried to enhance tau prion detection from PSP patient samples by isolating the prions from the brain homogenates. Initially, we isolated total tau from the samples via immunoprecipitation using the Tau-12 antibody. Whereas tau isolated from the control brain had no effect on the TauRD(LM)-YFP cells (C2: 3.4 ± 0.4%), tau prions isolated from the two PSP cases induced aggregates in 72 ± 16% and 76 ± 7% of the cells ( Fig. 1 A and B; P < 0.0001). This result differed from a prior study using two alternative tau antibodies, which showed that immunoprecipitation did not enhance prion detection in TauRD(LM)-YFP cells (27) . Because we had previously used sodium PTA to isolate PrP Sc prions (31, 32) , we asked whether the same approach might selectively precipitate tau prions from PSP brains. Homogenates (10% wt/vol) prepared from PSP brains were incubated in 2% (vol/vol) sarkosyl and 0.5% (vol/vol) benzonase using an orbital shaker for 2 h. PTA was then added to the solution to a final concentration of 2% (vol/vol), which was then incubated overnight. Next, the sample was centrifuged at 16,000 × g for 30 min at room temperature, and the supernatant was removed. The resulting pellet was resuspended in 2% (vol/vol) sarkosyl in PBS and 2% (vol/vol) PTA. The sample was again incubated for at least 1 h before a second centrifugation. The pellet was resuspended in PBS and incubated with the TauRD(LM)-YFP cells in the presence of Lipofectamine 2000, which was found to facilitate rapid and efficient protein uptake into the HEK cells. After 4 d of incubation, the number of cells with YFP aggregates was similar to, albeit slightly lower than, those isolated using immunoprecipitation (PSP1: 65 ± 9.2%; PSP2: 57 ± 5.8%) and significantly increased over the control brain (C2: 2.5 ± 0.2%; Fig. 1 A and B; P < 0.0001).
We confirmed that the TauRD(LM)-YFP cells were responding specifically to tau prions by testing multiple brain regions from 16 additional control samples (C3-C18; Table S2 ). In addition to the 16 controls, we also tested an MSA patient sample (MSA14); all 17 samples were PTA-precipitated and the resulting pellets were incubated with the TauRD(LM)-YFP cells for 4 d. None of the additional controls, including the MSA patient sample, was able to infect the cell line, demonstrating specificity for tau prions.
We characterized PSP prion-induced aggregate formation in the TauRD(LM)-YFP cells using prions that were PTA-precipitated from PSP1 brain homogenate (Fig. 1C) . We plated 1,000 cells in six wells of a 384-well plate along with tau prions and imaged the plate every 24 h starting immediately after the patient sample was added to the cells (day 0). By analyzing the images through day 4, we found initial aggregate formation in the cells occurred between days 1 and 2, followed by a progressive increase up to day 4. Notably, an exponential increase in the total number of cells occurred between days 1 and 4.
Detection of α-Synuclein Prions in MSA. Mutagenesis studies identifying key α-synuclein mutations for spontaneous aggregate formation (28) and other work testing cell infection using synthetic α-synuclein fibrils (29, 30) led us to ask whether an approach similar to that described above for tau prions might be used to measure α-synuclein prions. We began with 12 cDNA constructs expressing α-synuclein with various mutations and C-terminal truncations fused to YFP that were transfected into HEK cells. From those transfections, we developed 144 clonal cell lines and selected two for testing; one clone expressed full-length WT α-synuclein (α-syn140-YFP) and the second clone expressed full-length α-synuclein harboring the A53T mutation (α-syn140*A53T-YFP). To test these cells, we polymerized full-length synthetic α-syn140*A53T into fibrils, as shown by transmission electron microscopy ( Fig.  S2A) , and compared the response of both cell lines to determine the construct yielding the larger dynamic range. In the HEK cells expressing α-syn140-YFP, we found 25-30% of the cells developed aggregates upon exposure to 30 nM α-syn140*A53T fibrils, whereas over 50% of the cells expressing α-syn140*A53T-YFP exhibited aggregates in the presence of the fibrils (Fig. 2 ). Based on these findings, we chose the α-syn140*A53T-YFP cells for further study.
Knowing that the TauRD(LM)-YFP cells develop aggregates upon exposure to recombinant tau K18 fibrils (27) , and that the α-syn140*A53T-YFP cells form aggregates in the presence of α-synuclein fibrils, we tested the specificity of the two cell lines. Using recombinant tau K18 and recombinant α-syn140*A53T fibrils ( Fig. S2A) , we found that the α-syn140*A53T fibrils had no effect on the TauRD(LM)-YFP cells and the tau K18 fibrils had no effect on the α-syn140*A53T-YFP cells (Fig. S2B ). In addition to recombinant tau K18 and α-syn140*A53T, we also tested Aβ40 fibrils and PBS in both cell lines and found that the cells were unresponsive to both (Fig. S2C ), highlighting the homotypic specificity of the cells as previously reported (27, 29) . Using brain homogenates prepared from the substantia nigra and surrounding midbrain of three MSA patients (MSA14, MSA15, and MSA16), we tested the ability of α-syn140*A53T-YFP cells to form aggregates in the presence of naturally occurring α-synuclein prions. Using crude brain homogenate from the three MSA patients and an aged control patient, we incubated 1 μg of total protein with α-syn140*A53T-YFP cells for 4 d and found the percentage of cells expressing aggregates from each of the three samples was indistinguishable from cells exposed to the control aged brain ( Fig. 3 A and B and Table S3 ). However, when we PTA-precipitated the samples to isolate aggregated proteins, the cells were able to be infected with α-synuclein prions from the three MSA patient samples but not the control sample (MSA14 and MSA16: P < 0.0001; MSA15: P < 0.05; Fig. 3 A and B) . These findings were extended by infection with inocula similarly prepared from three additional MSA cases (MSA17-MSA19; Table S3 ). We then compared the 6 MSA inocula to 16 control samples obtained from deceased people with no known CNS dysfunction following PTA precipitation (Table S2 ). After incubating the PTA pellets for 4 d, none of these controls or a PSP sample was found to infect the α-syn140*A53T-YFP cells.
To confirm that the infectivity of the MSA patients was due to the presence of WT α-synuclein prions and not a result of templating caused by an A53T mutation in the patient samples, DNA was extracted from all six patient samples and was genotyped by a restriction fragment length polymorphism analysis (3) (Fig. S3 ). Using Tg mouse DNA originally derived from a patient with a known A53T mutation for comparison, all six MSA patients (MSA14-MSA19) were found to be WT at position 53 of α-synuclein ( Fig. S3 and Table S3 ).
Having shown that PTA precipitation successfully isolates MSA prions from patient samples, and that these prions successfully infect α-syn140*A53T-YFP cells, we characterized the kinetics of aggregate formation in the cells (Fig. 3C) . Again, we plated 1,000 cells per well in six wells of a 384-well plate and imaged the cells every 24 h following exposure to MSA prions isolated from patient MSA14 (day 0). Aggregate formation increased linearly over 4 d whereas the total cell count increased exponentially between days 2 and 4.
Serial Passage of MSA Prions in Mice. In the MSA transmission experiments that we previously reported, we found MSA patient samples MSA1 and MSA2 induced lethal CNS dysfunction in TgM83 +/− mice 143 ± 16 and 106 ± 11 d postinoculation (dpi) (22) . To determine whether MSA prions could be propagated in mice, we homogenized the brains of the dead TgM83 +/− mice from the primary transmissions and inoculated them into more TgM83 +/− mice (Table 1) . Not only did we find that we could serially propagate MSA in the mice, but the incubation time for the two inocula decreased (113 ± 13 dpi and 92 ± 5 dpi). We tested the inoculated human MSA brain homogenates used in the original studies, as well as the TgM83 +/− mouse brains from the primary and secondary transmissions of the same cases, in the α-syn140*A53T-YFP cells following PTA precipitation. Prions isolated from both MSA cases as well as the primary and secondary transmissions in TgM83 +/− mice readily infected the cells, confirming the presence of MSA prions in the mouse brains after passaging. Notably, analysis of DNA isolated from MSA1 and MSA2 found both patients were WT at position 53 in the α-synuclein protein, arguing these results could not be attributed to mutant α-synuclein (Fig. S3) . Using samples from three MSA patients (MSA14, MSA15, and MSA16), we compared prion levels in the substantia nigra and surrounding midbrain with those in the basal ganglia, cerebellum, and temporal gyrus following PTA precipitation (Fig. 4) . The basal ganglia from MSA14 had levels of prions similar to those in the substantia nigra, whereas the cerebellum contained fewer MSA prions and no evidence of prions was found in the temporal gyrus. Interestingly, the substantia nigra from MSA15 was less infectious compared with this brain region in the other two patients (MSA14: 29.3 ± 8.6%; MSA15: 11.2 ± 1.9%; MSA16: 36.2 ± 10.9%; P < 0.0001), but the basal ganglia (MSA14: 30.3 ± 6.5%; MSA15: 22.5 ± 5.8%; MSA16: 20.1 ± 4.6%; not significant) and cerebellum contained high levels of α-synuclein prion infectivity (MSA14: 15.4 ± 6.2%; MSA15: 23.5 ± 0.9%; MSA16: 7.1 ± 5.2%; P < 0.001 for MSA15 vs. MSA16; other comparisons not significant). In both MSA14 and MSA15, prions were undetectable in the temporal gyrus (MSA14: 2.1 ± 0.7%; MSA15: 3.2 ± 1.3%), contrasting with the number of prions detected from the same region of MSA16 (18.9 ± 4.6%; P < 0.001). Interestingly, all three patients exhibited a similar pathological distribution of GCIs: frequent GCIs in the cerebellum and white matter of the midbrain (not seen in the substantia nigra) and none in the frontal cortex. The different patterns of MSA prion accumulation in the brain, which did not correspond with the distribution of GCIs, suggest that all three patient samples may contain distinct α-synuclein prion strains, but additional experiments are needed to confirm this finding. Interestingly, these different α-synuclein strains are reminiscent of the different patterns of PrP Sc prion accumulation and lesion profiles found with different strains of scrapie prions (33, 34) . Importantly, these differences in α-synuclein prion deposition may contribute to the variations seen in clinical presentations, which often confound the diagnosis of MSA (35, 36) .
Characterization of MSA Prions Using the α-syn140*A53T-YFP Assay.
To determine the dynamic range of the α-syn140*A53T-YFP cells and the number of α-synuclein molecules required for cell infection in the assay, we isolated MSA prions from the substantia nigra of three patient samples (MSA14, MSA15, and MSA16) using PTA precipitation. The total concentration of α-synuclein in each sample was then quantified via ELISA. Halflog dilutions of the samples were plated with α-syn140*A53T-YFP cells, and the percentage of cells with aggregates was determined for each dilution tested (Fig. 5A) . Data from the three MSA samples were combined and a nonparametric curve was fit to the data. The same approach was applied to the control sample, and the 95% confidence intervals (CIs) for the two curves were determined (Fig. 5B) . When the MSA curve became significantly different from the control curve, the point at which the two CIs no longer overlapped, the α-synuclein concentration was 70 pg/mL. This concentration was used to calculate that a minimum of ∼6 × 10 6 α-synuclein molecules is required for infection of α-syn140*A53T-YFP cells.
In addition, we tested the ability of MSA prions to serially propagate in α-syn140*A53T-YFP cells (Fig. 5C) . First, PTAprecipitated substantia nigra brain homogenate from MSA14 was used to infect α-syn140*A53T-YFP cells for 4 d before FACS sorting of the cells based upon YFP brightness. Single cells containing aggregates were isolated to develop clonal populations of α-synuclein aggregate-expressing cells. After several passages, we expanded two stable clones (MSA14-2 and MSA14-5) and collected lysate from the cells. We incubated α-syn140*A53T-YFP cells with 0.1, 0.5, 1.0, and 2.0 μg of total protein from the two clones for 4 d and compared the percentage of cells with aggregates to lysate from untransfected HEK cells (Fig. 5C) . At the lowest concentration tested, neither clone was significantly different from the untransfected lysate (untransfected: 0.7 ± 0.6% cells with aggregates; MSA14-2: 2.7 ± 2.4%; MSA14-5: 2.0 ± 1.4%). When we tested 0.5 μg total protein, both clones infected α-syn140*A53T-YFP cells (MSA14-2: 6.8 ± 4.4%; MSA14-5: 7.0 ± 5.2%) compared with untransfected lysate (0.9 ± 0.9%; P < 0.05). Similar results were observed with concentrations of total protein of 1 μg (untransfected: 1.1 ± 0.6%; MSA14-2: 12 ± 3.9%; MSA14-5: 15 ± 4.9%; P < 0.0001) and 2 μg (untransfected: 1.3 ± 0.6%; MSA14-2: 10 ± 4.9%; P < 0.001; MSA14-5: 8.3 ± 3.1%; P < 0.01). Importantly, we tested the MSA14-2 and MSA14-5 lysates in control, untransfected HEK cells to confirm that YFP in the cells was not the result of the YFP-tagged aggregates in the passaged lysate. Lysate from neither clone had any effect on the cells at all four concentrations tested (Fig. 5C ), indicating that the expression of YFP aggregates represents de novo prion formation in the α-syn140*A53T-YFP cells.
PTA Precipitation Isolates MSA Prions. Having shown that PTA precipitation isolates aggregates from MSA patient samples that are capable of infecting α-syn140*A53T-YFP cells, we asked whether the cells were responding to the same prions that induced neurological dysfunction in the TgM83 +/− mice (Fig. 6 ). To approach this question, we compared a 1% (wt/vol) crude brain homogenate and PTA-precipitated homogenate from patient MSA14. TgM83 +/− mice inoculated with crude brain homogenate developed CNS dysfunction with an onset of 130 ± 12 dpi, whereas mice inoculated with the PTA-precipitated sample developed CNS dysfunction at 99 ± 9 dpi (Fig. 6A) . Pathological analysis of the mouse brains collected from each group based upon immunohistochemistry with the EP1536Y antibody (pSer129) showed phosphorylated α-synuclein aggregates in the brains of the TgM83 +/− mice ( Fig. 6 B and C) . Notably, the PTA-precipitated sample was 30 times more concentrated than the crude brain homogenate and required ∼30 fewer days to cause CNS dysfunction.
Search for α-Synuclein Prions in PD.
Having developed a method of isolating MSA prions, we next attempted to isolate α-synuclein prions from the substantia nigra of three PD, three PD with dementia (PDD), and three DLB patient samples using PTA precipitation (Table S3 ), but none of the nine patient samples was able to infect α-syn140*A53T-YFP cells. To ensure that the lack of infectivity from these samples was not due to less total α-synuclein in these patients, we determined the total α-synuclein concentration in these nine synucleinopathy samples using ELISA after concentrating the aggregates using PTA precipitation (Table S3) . It is noteworthy that the MSA, PD, PDD, and DLB patient samples all contained similar amounts of α-synuclein, indicating that the lack of infectivity was not due to low levels of α-synuclein in the samples. We also found all nine patients to be WT at amino acid position 53 in α-synuclein, contending that this difference in infectivity was not due to a difference in primary structure (Table S3 and Fig. S2 ). Instead, we hypothesize that the lack of demonstrable α-synuclein prion infectivity is due to strain differences (i.e., PD, PDD, and DLB are caused by prions that are distinct from those causing MSA). accompanied by the accumulation of α-synuclein in multiple brain regions (22) . As reported here, MSA prions were serially transmitted with incubation periods slightly decreasing upon a second passage (Table 1) . Additionally, we developed a cell culture assay for MSA prions based on our studies with PSP prions as well as earlier work with tau prions (27) .
When we adapted a cell-based tau prion bioassay (27) to an automated confocal fluorescence microscopy system, we found the PSP prion infectivity to be too low for reliable measurement. To increase the number of HEK cells with aggregates of TauRD(LM)-YFP, we tried selective precipitation of tau prions from PSP by both immunoprecipitation and PTA precipitation. Both methods were found to substantially increase the number of HEK cells with aggregates of TauRD(LM)-YFP (Fig. 1) ; between 60-80% of the cells exhibited aggregates after 4 d.
The bioassays for tau and synuclein prions described here using cultured cells are much faster than those previously described for PrP Sc prions using cultured cells (37) (38) (39) . In contrast to the neuroblastoma cell assays for PrP Sc prions, which require multiple passages to distinguish PrP Sc in the inoculum from that propagating in the cells (40), the bioassays described here were able to measure the levels of PSP or MSA prions within 4 d. Whereas attempts to create PrP fused to green fluorescent protein that could be transformed into a prion were unsuccessful (41, 42) , studies with tau and α-synuclein fused to YFP proved to be much more amenable to such modification (27, 43) .
As reported here and elsewhere, there was an excellent correlation between the bioassays for α-synuclein prions in M83
+/− mice with those in α-syn140*A53T cells (23) . MSA prions were detected in α-syn140*A53T cells whether they were selectively precipitated from human brain or after one or two passages in the brains of M83 +/− mice. Because earlier studies showed that human PrP Sc prions from the brains of patients with Creutzfeldt-Jakob disease remain infectious after PTA precipitation (44), we investigated precipitating MSA prions with PTA (Fig. 6) .
In control experiments, we used recombinant α-syn140*A53T fibrils to compare two different cell lines expressing α-synuclein fusion proteins (Fig. 2) . We found that 30 nM fibrils were maximally effective at inducing aggregates in the α-syn140*A53T-YFP cells, whereas others injected fibrils formed from full-length WT human α-syn140 or a 120-residue C-terminally truncated α-synuclein into TgM83 +/+ mice (21). In addition, WT mice accumulated α-synuclein deposits after a single intrastriatal inoculation of α-synuclein fibrils (45) . In these studies, the pathological changes were described as similar to the Lewy pathology of PD; these changes presumably led to a progressive loss of dopaminergic neurons in the substantia nigra, but not in the adjacent ventral tegmental area. The reduced dopamine levels were accompanied by concomitant motor deficits.
Although we could demonstrate α-synuclein prions in PTAprecipitated MSA brain homogenates using α-syn140*A53T-YFP cells, the same protocol failed to detect PD prions. PTA precipitation of putative α-synuclein prions from homogenates prepared from substantia nigra harvested from the brains of three deceased PD patients yielded aggregates that were unable to infect α-syn140*A53T-YFP cells. One explanation for this finding is that PD is caused by α-synuclein prions that represent a strain distinct from that causing MSA. Presumably, these distinct prion strains reflect differences in the tertiary and/or quaternary structures of α-synuclein. Studies by others also suggest the existence of an array of α-synuclein prion strains (46) (47) (48) . Presumably, α-synuclein prion strains represent different conformers, but currently we must entertain the possibility that a posttranslational chemical modification distinguishes one strain from another. Notably, ubiquitination, phosphorylation, nitrosylation, and sumoylation have all been reported to be covalently bound to α-synuclein (49) (50) (51) (52) .
Approximately 10% of PD patients carry an inherited mutation resulting in disease. Interestingly, only a small fraction of (Scale bars, 50 μm.) (B) Quantification of cell infections from four brain regions (substantia nigra in red, basal ganglia in green, cerebellum in blue, and temporal gyrus in purple) isolated from three MSA patients shown as mean ± SD. Infectivity of each brain region was compared between all three patients. The substantia nigra from patients MSA14 and MSA16 were significantly more infective than substantia nigra from patient MSA15 (P < 0.0001), whereas the temporal gyrus from patient MSA16 was significantly more infective than the temporal gyrus from patients MSA14 and MSA15 (P < 0.0001). Values measured from one image taken from each of six wells. BG, basal ganglia; Ce, cerebellum; SN, substantia nigra; and TG, temporal gyrus. *P < 0.0001.
these mutations is found in SNCA. The three well-known SNCA point mutations are A53T, A30P, and E46K (53), with A53T the most frequently detected (3). Recently, two SNCA mutations have been identified in MSA patients presenting with atypical parkinsonism: A53E (54) and G51D (55, 56) . More than 22 genes besides SNCA have been implicated in causing PD-like movement disorders, that is, parkinsonism (57) . Whether any of these genes besides mutant SNCA give rise to pathogenic proteins in synucleinopathy patients remains to be established. An expanding body of evidence argues that both tau and α-synuclein meet all of the requirements necessary to be classified as prions, including the ability to adopt alternative conformations that become self-propagating (58, 59) . In the case of tau prions, these replicating protein conformers cause primary tauopathies typified by PSP. Additionally, the accumulation of tau prions in Alzheimer's disease (AD) is thought to be responsible for the dementia that is the most prominent feature of this illness (60) . Although Aβ prions are the cause of AD, increasing data argue that Aβ prions induce tau prion formation (61) (62) (63) . Importantly, evidence for different strains of Aβ prions has been obtained showing that distinct strains cause different patterns of Aβ amyloid deposition (64, 65) .
The studies presented here demonstrate that α-synuclein prions are transmissible to cultured HEK cells expressing mutant full-length α-syn140*A53T-YFP. Using these cells, we were able to measure α-synuclein prions in brain extracts prepared from patients who died of MSA. Unexpectedly, similar preparations using brain homogenates from PD patients were unable to initiate the replication of α-synuclein prions. Our findings suggest that the α-synuclein prions causing MSA are distinct from those responsible for PD. Human Tissue Samples. Frozen brain tissue samples from two neuropathologically confirmed cases of PSP were received from the University of California, San Francisco (UCSF) Neurodegenerative Disease Brain Bank. Both samples were obtained from the middle frontal gyrus. Frozen brain tissue samples from six neuropathologically confirmed cases of MSA were supplied by the neuropathology core of the Massachusetts Alzheimer's Disease Research Center. The Parkinson's UK Tissue Bank at Imperial College supplied samples from three confirmed PD, three confirmed PDD, and three confirmed DLB patients, and five control samples. All synucleinopathy tissue samples were obtained from the substantia nigra unless otherwise noted. Additional control samples were provided by Martin Ingelsson, Uppsala University, Uppsala, Sweden, and Deborah Mash, University of Miami, Coral Gables, Florida. Patient sex and age at death from all disease samples used in these studies can be found in Table S4 .
Materials and Methods
Patient Neuropathology. The PSP patient samples were received from patients enrolled in UCSF Memory and Aging Center longitudinal clinical research programs. The fresh brains were cut into ∼1-cm coronal sections and were alternately fixed in 10% (wt/vol) neutral buffered formalin for 72 h or rapidly frozen. Neuropathological diagnoses were made in accordance with consensus diagnostic criteria (67) using histological and immunohistochemical methods previously described (68) . Patient samples were selected by W.W.S.
MSA patient samples were obtained from the Massachusetts Alzheimer Disease Research Center Brain Bank. Fresh brains were bisected longitudinally; one half was coronally sectioned and rapidly frozen, and the other half was fixed in 10% (wt/vol) neutral buffered formalin and then sectioned. Histological evaluation was performed on a set of blocked regions representative for a variety of neurodegenerative diseases; all blocks were stained with Luxol fast blue (LFB) and H&E. On selected blocks, immunohistochemical analysis, including α-synuclein, β-amyloid, and phosphorylated tau, was performed. The neuropathological diagnosis of MSA required the presence of GCIs (69) . PD, PDD, and DLB patient samples were obtained from the Parkinson's UK Tissue Bank at Imperial College, London. Fresh brains were bisected, with one hemisphere fixed in 10% (wt/vol) buffered formalin for diagnostic workup and the other coronally sliced, photographed on a grid, and then rapidly frozen. Blocks of tissue from 20 key anatomical areas were sampled from the fixed hemisphere. Sections from each area were stained with H&E and LFB. For assessment and staging of neurodegenerative pathology, appropriate sections were stained with antibodies against α-synuclein, β-amyloid, tau, and p62. LB disease cases were staged according to Braak criteria (70), as was the tau pathology (71) .
Cell Line Development. HEK293 cells expressing TauRD(LM)-YFP were previously reported (27) . The constructs encoding full-length WT and A53T-mutated human α-synuclein fused with YFP at the C terminus were synthesized (GeneArt; Thermo Fisher) and introduced into the pcDNA3.1(+) expression vector (Thermo Fisher). The α-synuclein-YFP constructs were subcloned into the pIRESpuro3 vector (Clontech) using EcoRI (5′) and NotI (3′).
HEK293T cells (American Type Culture Collection) were cultured in DMEM supplemented with 10% (vol/vol) FBS, 50 units/mL penicillin, and 50 μg/mL streptomycin. Cultures were maintained in a humidified atmosphere of 5% CO 2 at 37°C. Cells plated in DMEM were transfected using Lipofectamine 2000 (Thermo Fisher). Stable cells were selected in DMEM containing 1 μg/mL puromycin (Thermo Fisher). Monoclonal lines were generated by limiting dilution of polyclonal cell populations in 96-or 384-well plates.
Monoclonal subclones stably expressing α-synuclein aggregates were generated by sorting α-syn140*A53T-YFP cells exposed to MSA patient sample using a Becton Dickinson FACS Aria II. Cells were first gated for a singlet population, followed by a second gate for medium to high YFP expression. A droplet containing a single cell was then plated in each well of a 384-well plate (Greiner); the presence of a clonal population was confirmed using the IN Cell 6000 (GE Healthcare).
Cell Aggregation Assay. Cells were plated in a 384-well plate with black polystyrene walls (Greiner) at a density of 1,000 cells per well with 0.012 μg Hoechst 33342 (Thermo Fisher). Cells were incubated at 37°C for 2-4 h to allow the cells to adhere to the plate. Lipofectamine 2000 (3% final volume; Thermo Fisher) was added to each patient sample, and the mixture was incubated at room temperature for 1.5 h. OptiMEM (Thermo Fisher) was added to each sample before plating the patient sample in six replicate wells. Plates were then incubated at 37°C in a humidified atmosphere of 5% CO 2 for 4 d before imaging on the IN Cell 6000. Images of both the DAPI and FITC channels were collected from four different regions in each well. The images were analyzed using the IN Cell Developer software using an algorithm developed to identify intracellular aggregates only in live cells. On the low end of aggregate detection, the algorithm grapples with distinguishing aggregates with cells expressing more fluorescence than the neighboring cells.
Cell Assay Sample Preparation. Immunoprecipitation of PSP patient samples was performed using the Tau-12 monoclonal antibody (72) . Culturing and purification methods are described in Supporting Information. Tau-12 was biotinylated using the EZ-Link Sulfo-NHS-Biotin kit (Pierce), and 10 μg of antibody was incubated with 100 μL of 10% (wt/vol) crude brain homogenate overnight at 4°C. The homogenate/antibody mixture was incubated with 100 μL Dynabeads (Thermo Fisher) for 3 h while shaking at 1,000 rpm at 25°C. After washing in PBS, antibody-bound tau was eluted using 100 mM glycine, pH 2.5, and neutralized with Tris·HCl, pH 8.0. The product was not diluted before incubation with Lipofectamine 2000.
PTA precipitation was performed as described (31, 32) . Briefly, 10% (wt/vol) brain homogenate was incubated in 2% (vol/vol) sarkosyl and 0.5% (vol/vol) benzonase (Sigma) at 37°C with constant agitation (1,200 rpm) in an orbital shaker for 2 h. Sodium PTA was dissolved in double-distilled H 2 O, and the pH was adjusted to 7.0. PTA was added to the solution to a final concentration of 2% (vol/vol), which was then incubated overnight in the same conditions. The sample was centrifuged at 16,000 × g for 30 min at room temperature, and the supernatant was removed. The resulting pellet was resuspended in 2% (vol/vol) sarkosyl in PBS and 2% (vol/vol) PTA in double-distilled H 2 O, pH 7.0. The sample was again incubated for at least 1 h before a second centrifugation. The supernatant was again removed, and the pellet was resuspended in PBS using 10% of the initial starting volume. This suspension was diluted 1:4 in PBS before incubating with Lipofectamine 2000.
Statistical Analysis. PSP, synthetic α-syn140*A53T fibril, and animal inoculation data are presented as mean ± SEM. Cell data represent averages of four images collected from each well of a 384-well plate. Replicates of those images were averaged from six wells, unless otherwise noted. MSA, PD, PDD, DLB, and time course data are presented as mean ± SD. Data represent the averages from one image collected from each of six replicate wells per sample. PSP and MSA data were analyzed for statistical significance using a repeated-measures two-way ANOVA with a Bonferroni post hoc test when crude, IP, and PTA-precipitated samples were compared (data presented in Figs. 1 and 3) . All other PSP and MSA data were analyzed using a one-way ANOVA with a Newman-Keuls multiple comparison post hoc test. PD, PDD, and DLB data were analyzed using a Student's t test. An F-test was used to determine equal or unequal variance compared with the control sample. Statistical significance for all tests was determined with a P value <0.05. 
